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Introduction
Obesity is a current major health problem [1]. It has been estimated that
30% of adults in US meet the criteria for obesity [2] [3]. Obesity is also com-
mon in Europe [4]. The prevalence of overweight among school age children
is 40% in US and parts of Europe [5] [6]. The World Health Organization
has data showing an increase in morbidity and mortality because of increas-
ing [7] [8]. Some associated health implications of obesity include increased
risk for cardiovascular disease, dyslipidemia, diabetes mellitus, cholelithiasis,
selected types of cancer, and psychosocial impairment [9] [10]. These con-
ditions are responsible for more than 2.5 million deaths per year worldwide.
The loss of life expectancy due to obesity is profound in comparison with
normal-weight individuals [11] [12].
Behavioral and pharmacological treatments are modestly effective and
not durable [13]. Bariatric surgery remains the most effective intervention for
persons with BMI of 35/40 or greater [14]. Bariatric surgery includes a variety
of mainly laparoscopic procedures that aim to decrease food and calories
intake. Adjustable gastric band is the most successful operation. Although
patients undergo substantial weight loss after the bariatric intervention, post-
surgical complications affect up to 25% of the patients.
In general, bariatric surgery is effective, but is associated with major
complications, mostly due to surgery invasiveness and to high anesthesiology
risk. For this reason, there is a need for less invasive bariatric procedures,
as endoscopic ones [15]. Currently available endoscopic techniques still have
limits and mostly fail because of their unsuitableness or procedural difficul-
ties. Further efforts are mandatory for a reliable definition of endoscopic
approach.
Surgical procedure and post-surgical conformation of the stomach are
usually defined on clinical and surgical basis only. Instead, the optimal con-
figuration should be identified by analyzing the mechanical functionality of
the stomach and the surrounding structures, and the relationship between
food intake, nutrient adsorption, mechanical stimulation of stomach wall and
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feeling of satiety.
A novel approach to bariatric surgery is required, integrating competences
in the areas of biomechanics, physiology and surgery, based on a strong in-
teraction between engineers and clinicians (fig.1. fig. 2). Preliminary re-
sults from computational investigations are here reported. The analyses aim
to develop computational tools for the investigation of stomach mechanical
functionality in pre- and post-surgical conformations.
Computational analysis show the potentiality of computational biome-
chanics for the investigation of stomach functionality and the planning of
bariatric surgery procedures and techniques. Furthermore computational
methods provide information that experimental methods cannot supply. In
detail, the computational approach makes it possible to identify the stress
and the strain fields in stomach tissues, whose distribution is strongly affected
by bariatric procedure.
Fig. 1: Synergic cooperation of surgeons and bioengineers for the design and
the assessment of endoscopic procedures and devices for endoscopic bariatric
surgery.
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Fig. 2: Synergic cooperation of surgeons, physiologists and bioengineers
in the development of computational tools for the optimal definition of the
bariatric intervention.
The aim is to study an innovative endoscopic technique for gastric band-
ing: endoscopically placed an endoluminal band fixed by clips to prevent the
stomach to expand. Computational analysis show the similarity of stomach
functionality in laparoscopic and endoscopic post-surgical configurations, this
verifies the effectiveness of gastric banding with endoscopic approach.
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Chapter 1
Bariatric surgery procedures
1.1 Laparoscopic Techniques
Current surgical practice can be divided by the mechanism of weight reduc-
tion:
 restrictive by decreasing the storage capacity of the stomach;
 malabsorptive through surgical bypass thus excluding intestinal loops;
 a combination of the two.
1.1.1 Restrictive procedures
Vertical banded gastroplasty
Vertical banded gastroplasty (VBG) was originally described by Mason
in 1982, and involves the placement of a 5 cm band around a gastric pouch
created by stapling the gastric fundus (fig. 1.1). The procedure is most
commonly performed laparoscopically because of the improved wound, pul-
monary and thromboembolic complication rates. It takes around one and a
half hour to perform, with a hospital stay of approximately 5 days.
Mortality is <1% in most studies, with an overall morbidity of 14%. Com-
plications include stomal stenosis (20%), staple line disruption (11%), severe
esophagitis (7%) and band migration (1.5%). Patients can often complain
of intolerance to solid food coupled with persistent vomiting. This leads to
a prolonged hospital stay. Occasionally, surgical revision is the only solu-
tion [14]. The operation is still performed by a few surgeons with excellent
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results but has been largely replaced by the adjustable gastric band, an op-
eration that is far easier to perform, safer, and less likely to fail due to staple
line breakdown [16].
Fig. 1.1: Vertical banded gastroplasty
Adjustable gastric banding
Laparoscopic adjustable gastric banding (LAGB) is by far the most pop-
ular restrictive bariatric surgical intervention in Europe and in Australia. It
has rapidly gained in popularity in the United States and abroad due its
safety and effectiveness.
The procedure involves the placement of an inflatable band to form a
15–20 ml superior gastric pouch, with band position reinforced by the place-
ment of anterior gastro-gastric sutures. The band connects to a self-sealing
reservoir (Portacath) implanted beneath the skin. This allows for adjust-
ment of the stoma diameter to increase or reduce the rate of passage of food
from the upper pouch into the body of the stomach (fig. 1.2). The sensation
of satiety caused by the distension of the gastric pouch leads to early meal
termination, and hence reduced calorie intake. Band placement takes 30–60
min, with a conversion rate of around 1%. Patients remain in hospital for
around 24 h and return to normal activities within 1 week, but this procedure
involves slower and less early weight loss than other surgical procedures.
Laparoscopic banding is the safest bariatric surgical procedure, with a
postoperative mortality of <0.5%. Many studies have shown a considerably
lower incidence of complications after LAGB compared with alternative pro-
cedures. Procedure specific complications include band slippage (rates of
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12-24%), band erosion (rate of <2%), oesophageal dilatation and Portacath
migration (in 7.5% of cases).
The disadvantage of LAGB, as with all bariatric surgical procedures, is
that it is not effective in everyone. LAGB is therefore best performed in a
multidisciplinary unit, so that patients can receive professional support before
and after surgery, with access to regular follow-up and band adjustment to
ensure optimum weight loss. Some patients, however, inevitably require a
second procedure. Laparoscopic conversion or reversal of LAGB is safe, with
low operative mortality (0%) and morbidity (14.3%).
LAGB has proved itself fast, effective and safe in the treatment of morbid
obesity. It achieves a gradual, controlled and adjustable reduction in weight,
with excellent results at 2–3 years. Weight loss is sustained in the long
term [14].
Fig. 1.2: Laparoscopic gastric banding
1.1.2 Malabsorptive procedures
Biliopancreatic bypass with duodenal switch procedure (BPDS)
The BPDS reduces the gastric reservoir by excising most of the stomach,
leaving only the pyloric sphincter. The duodenum, divided about 2 cm be-
low the pylorus, is reconstituted by a Roux-en-Y anastomosis to the distal
jejunum, excluding significantly more small bowel than the gastric bypass.
(fig. 1.3)
Operation time for the open procedure can be two and a half hours in ex-
perienced hands. Postoperative hospital stay is longer than for other bariatric
procedures, befitting a large open surgical procedure, and there is a consider-
able recuperation period before return to normal activities. The laparoscopic
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approach, introduced in 2001, benefits from reduced wound complications,
with equivalent non-wound-related morbidity and shorter hospital stay, al-
though operation time is considerably longer.
Published mortality for BPD with duodenal switch is around 1%, this
procedure has higher complication rates and risk for mortality than the AGB,
GS, and RYGB. Early wound-related complications occur in 1.5%, with the
incidence of incisional hernia 25% (for open surgery). Further, protein calorie
malnutrition can also occur in many and may require a period of parenteral
feeding. Despite mineral and vitamin supplementation, persistent anaemia
occurs in a considerable proportion of patients and bone demineralization is
also common. Finally, the development of severe metabolic complications
may necessitate surgical revision—a technically simple procedure, but one
carrying high surgical morbidity and risk of weight gain. The poor side effect
profile, increased operative time and longer hospital stay compared with other
bariatric procedures would seem to restrict its use to patients in whom other
interventions fail.
This approach may be particularly useful in the super obese (BMI >50
kg/m2) [14].
Fig. 1.3: Biliopancreatic bypass with duodenal switch procedure
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1.1.3 Combined restrictive and malabsorptive proce-
dures
Roux-en-Y gastric bypass (RYGB)
The Roux-en-Y gastric bypass (RYGB) is now the most common bariatric
procedure performed in the US. The procedure involves the formation of a
15–20 ml gastric pouch and the fashioning of a Roux-en-Y gastrojejunostomy
bypassing the distal stomach, duodenum and a variable length of proximal
jejunum (fig. 1.4). This effectively reduces the size of meal that the patient is
able to ingest. Additionally, the bypass causes some degree of malabsorption.
Fig. 1.4: Roux-en-Y gastric bypass
Operating time for the open procedure is approximately 100 min, but this
rises to 140 min if the procedure is performed laparoscopically. A hospital
stay of 5 days, and several weeks to fully recover, is to be expected after
open bypass, but both are markedly reduced if the laparoscopic approach is
successful. Gastric bypass achieves excellent initial weight reduction, with a
mean EWL of nearly 70% at 1 year. A number of case series have shown that
after 3 years 60–70% of patients can achieve >50% weight loss. Long-term
results are good, with an average EWL of 60% at 5 years, but this decreases
to around 50% at 8–10 years. Gastric bypass is also effective in the treatment
of “super” obese patients with a BMI of >60 kg/ m2.
Bypass surgery carries a mortality of approximately 0.5% for both the
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open and laparoscopic approaches. Wound related and pulmonary compli-
cations are comparable to alternative open surgical interventions. Studies
have shown that the laparoscopic approach offers a reduction in critical care
requirement, postoperative pulmonary complications and incidence of inci-
sional hernia. However, the most serious complication with this operation,
anastomotic leak, occurs in 2–5% of open cases, but possibly at a higher rate
after laparoscopic bypass.
Open and laparoscopic gastric bypass can deliver both significant weight
loss and resolution of comorbid conditions, although on failure, it requires
further intervention, carrying significant risk. The laparoscopic approach has
become more popular, with its reduced incidence of postoperative wound,
thromboembolic and respiratory complications. These benefits are partially
negated by the increased leakage rate and notably longer general anaesthesia.
The proven efficacy of gastric bypass has ensured that it remains the most
popular intervention in the US [14].
Mini-gastric bypass
A new development is the laparoscopic mini-gastric bypass procedure, a
modification of the older loop gastrojejunostomy. It involves the formation of
a long gastric tube approximately 1.5 cm to the left of the lesser curvature of
the stomach from the antrum to the angle of His and then a loop gastroen-
terostomy is formed, about 200 cm from the ligament of Treitz (fig. 1.5).
The procedure takes up to 150 min, depending on experience, and requires
conversion in 0.3% of cases.
Fig. 1.5: Mini-gastric bypass
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Duration of hospital stay is 2–5 days, with a return to normal activities
after 1 week. Laparoscopic mini-gastric bypass procedure has been shown to
achieve EWL of >70% at 2 years, equivalent to RYGB, but long-term data
are not yet available. In addition, it carries a mortality of <0.1%, anasto-
motic leak rate of <0.1%, lower risk of thromboembolic and pulmonary com-
plications, and achieves comorbidity resolution in >70% of patients. It is a
simpler and easier laparoscopic procedure to perform than RYGB; however,
long-term data are still needed to determine whether it can match RYGB in
terms of sustained weight reduction, and also whether there is an increased
incidence of long-term complications such as biliary reflux, marginal ulcera-
tion and reflux esophagitis [14].
Gastric sleeve(GS)
Gastric sleeve surgery, also called the Vertical Sleeve Gastrectomy (VSG),
is performed by removing a large portion of the stomach to create a long
pouch that connects the esophagus to the small intestine. The pouch is
stapled and the rest of the stomach is removed. Some surgeons take an
additional step to reinforce the staple line, although whether that is effective
is up for debate (fig. 1.6). The operation does more than just limit intake; it
also removes most and perhaps all of the ghrelin-producing cells of the gastric
mucosa. The procedure, initially introduced as a first stage of the BPDS for
use in superobese patients to reduce risk, appears to be an effective operation
on its own and a potential competitor with the AGB.
But GS presents any disadvantages: it is a non-reversible procedure, it
has the potential for long term vitamin deficiencies and it has a higher early
complication rate than the AGB.
Fig. 1.6: Gastric sleeve
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1.1.4 Comparison of surgical techniques
LAGB remains the most popular procedure, confirmed by the relative safety.
The procedure is also easier to perform compared with gastric by-pass.
Although gastric bypass operations do have the potential to achieve greater
weight loss, this benefit is tempered by increased mortality and morbidity.
Further, the procedure is technically demanding and surgeons must pass a
learning curve before embarking on performing it. In this respect, the la-
paroscopic mini-gastric bypass may be an easier alternative, although the
procedure is still in its infancy, with long-term weight loss data not yet avail-
able and the risk of as yet unknown longer-term complications.
Vertical banded gastroplasty is now generally of historical interest, with
few centres performing large numbers. This procedure has an unacceptable
complication rate, which has led to its widespread disuse. Biliopancreatic di-
version, however, may still have a role, particularly in the cohort of patients
who have unsatisfactory results from restrictive surgery. This relatively inva-
sive and complex procedure can now be safely executed laparoscopically. It
can induce substantial weight loss in the long term, but should be considered
primarily in the super obese and in those who cannot tolerate food intake
restriction but will accept long-term follow-up by a multidisciplinary team.
1.2 Endoscopic Techniques
Currently, bariatric surgery is the best-known treatment for obesity. Multiple
meta-analyses have shown bariatric surgery to be more effective than diet and
exercise or pharmacologic treatment. However, the costs associated with
bariatric surgery are prohibitive, which may be one reason why less than 1%
of those who qualify for bariatric surgery actually receive it. To alleviate
the financial burden of bariatric surgery and to increase access to treatment,
alternative pathways are needed. One increasingly promising option is the
endoscopic treatment of obesity [15].
The risks associated with endoscopic procedures should be ≤ 5% inci-
dence of serious adverse events.
Similar to bariatric surgery, the function of endoscopic treatments is to
reduce the weight altering gastrointestinal anatomy and physiology [17].
Endoscopic bariatric procedures can be divided in:
 space-occupying devices;
 restrictive procedures;
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 bypass liner;
 aspiration therapy;
 endoscopic revision of gastric bypass for dilated gastric pouch.
1.2.1 Space-occupying devices
Intragastric balloons
Intragastric balloons are silicone devices, endoscopically placed, under a
light sedation, in the stomach in order to occupy space, that can be filled
by air, helium, (Heliosphere), or fluid (fig. 1.7). Initially this type of de-
vices has a leading role as bridge to bariatric surgery in high-risk patient
for anesthesia or in very obese patient, whereas in the last years, balloons
became a real therapeutic instrument: in fact, it may induce gastric disten-
sion, delay gastric emptying and alter the gastro-intestinal related hormones
metabolism, inducing satiety. Generally, this type of device requires to be
removed in 6 months from the implantation in order to avoid the balloon de-
flation which can lead to complications as device migration and consequent
bowel obstruction.
Fig. 1.7: Intragastric balloon
Contraindications for balloon placement are erosive esophagitis, peptic
ulcer disease, gastropathy or large hiatal hernia, so a preventive gastroscopy
must be performed in order to evaluate the feasibility of the procedure. Typi-
cal complications include nausea, vomiting and stomach pain. Other compli-
cations of intragastric balloon include esophagitis, gastric perforation, gastric
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outlet obstruction, gastric ulcer and balloon rupture. The rupture of the de-
vice can lead to more serious adverse event including balloon migration and
bowel perforation, which can be life-threatening [17].
The U.S. Food and Drug Administration(FDA) approved intragastric bal-
loons, the first endoscopic therapies for obesity [15].
Transpyloric Shuttle
Other space-occupying devices are in developing phase, and they have not
the FDA approving yet: Transpiloric Shuttle is made of a large spherical
bulb attached to a smaller cylindrical bulb by a flexible tether (fig. 1.8). The
cylinder is small enough to enter the duodenal bulb with peristalsis, and pulls
the spherical bulb to the pylorus. The spherical bulb is too large to traverse
the pylorus, but occludes it intermittently to reduce gastric emptying [17].
No study with a large number of patient for precise and long-term results
are been made using this new intragastric devices and balloons.
Fig. 1.8: Transpyloric Shuttle
1.2.2 Restrictive procedures and devices
This group includes procedures and devices that remodel the stomach, su-
turing, stapling or tissue anchor placing trans-orally, in order to physically
reduce gastric volume, emulating the anatomy of a surgical sleeve gastrec-
tomy.
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Endoscopic sleeve gastroplasty
Endoscopic sleeve gastroplasty (OverStich, Transoral Gastroplasty, ACE
stapler, Transoral Endoscopic Restrictive Implant System) are devices
that place full-thickness stiches endoscopically. The rational of this endo-
scopic procedure is miming a sleeve gastrectomy, from the prepyloric antrum
to the gastroesophageal junction (fig. 1.9).
The hopeful prospective of this technique is encouraging, there were no
issues of plication durability and weight regain in the long period; in some
studies, in fact, endoscopic follow-up performed 12 months after the pro-
cedure revealed 75% plication’s remaining, as well as durability of gastric
volume reduction [17].
Fig. 1.9: Endoscopic sleeve gastroplasty
1.2.3 Bypass liners
Duodenal-jejunal bypass liner
Duodenal-jejunal bypass liner consist of the endoscopic implantation of
a 60-cm Teflon sleeve in the duodenal bulb for a mean period of 6 months.
The anchor is fixed to the intestinal wall within the duodenal bulb by small
tips grasping the intestinal mucosa (fig 1.10a). This tube (fig. 1.10b) extends
from the duodenum into the small bowel, allowing food to bypass the entire
duodenum and proximal jejunum and not to shuﬄe with digestive fluid. In
fact, pancreatic and biliary secretions move along the outside of the device
to the jejunum. Additionally, and equally important for the weight loss, it
allows food to reach the mid-jejunum earlier [17].
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(a) (b)
Fig. 1.10: Duodenal-jejunal bypass liner
Gastro-duodeno-jejunal bypass sleeve
Gastro-duodeno-jejunal bypass sleeve is a 120-cm tube fixed at the level
of gastroesophageal junction, and requires both endoscopic implantation and
laparoscopic combined approach to dissect the gastroesophageal junction and
than to fasten the proximal end of the sleeve (fig. 1.11). This device mimes
the surgical bypass and compartmentalization of the stomach.
Several studies demonstrated duodenojejunal bypass sleeve leading to rel-
evant weight loss, and in some cases even upgrading in diabetes. In some pa-
tients, however, is not possible to implant the device because of the smallness
of the duodenal bulb.
Fig. 1.11: Gastro-duodeno-jejunal bypass sleeve
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Among adverse reaction reported, migration, obstruction, pain, bleed-
ing or anchor dislocation are the most frequent. Few case reports described
cholecystitis and duodenal fistula or perforation as endoscopic bypass sleeve-
associated complications. The device has the advantage of being fully re-
versible: the tube can be easily removed using an endoscope. Actually, the
device is approved for a no longer than 12-month period [17].
1.2.4 Aspiration therapy
Consists in the insertion of a 30Ch gastrostomic tube into the stomach, at-
tached to a skin port with a connector and valve. The patient uses this tube
to evacuate up to 30% (600 mL reservoir) of each meal about 20 min after
the consumption of a meal greater than 200 Kcal.
In a prospective multicentric clinical trial, persistent gastrocutaneous fis-
tula and infections are identified as complications of this procedure. Many
study in literature described no evidence of increased food intake to compen-
sate the aspirate food [17].
1.2.5 Endoscopic revision of gastric bypass
Roux-en-Y gastric bypass (RYGB) is the most commonly performed and
successful bariatric procedure in US at present; however, a portion of pa-
tients experience suboptimal weight loss in the postoperative period, and
approximately 20% regain a significant proportion of their lost weight with
longer term follow-up because of dilatation of gastric pouch. Due to the com-
plexity and risks associated with surgical revision, endoscopic suturing has
been explored as a minimally invasive and safe option for stomal revisions.
Sclerotherapy endeavors to increase restriction by injecting a sclerosant in
perianastomotic tissue. This procedure is generally straightforward with few
complications and can be repeated with significant benefit.
In other case, a device for restrictive endoscopic procedure can be used
or apposite tissue approximation device with H-fasteners and can create full-
thickness, serosa-to-serosa, endoluminal plications. Endoscopic plication is
the less invasive option for weight regain after bariatric surgery with encour-
aging initial results [17].
1.2.6 Other therapies
Electrical stimulation, magnetic compression anastomoses, duodenal mucosal
resurfacing and intragastric botulinum toxin injections represents other de-
veloping possible endoscopic treatment for obesity [17].
17
1.2.7 Discussion
Recent advances in technology and devices industry provided emerging and
promising new endoscopic approaches to obesity and type 2 diabetes treat-
ment. Currently some devices have been just approved as intragastric bal-
loons and others are under investigation.
The major concern about endoscopic bariatric therapies is durability of
their metabolic and weight-loss effects. Intragastric balloons and duodenoje-
junal bypass liners need to be removed after 6 and 12 months respectively.
Poor tolerance may affect patients submitted to intragastric balloon and
bypass liners conditioning early retrieval of the device.
Regarding safety each endoscopic procedure presents a limited but not
null risk of complication such as bleeding, migration of the device, deflation
of the balloon, erosion, bowel obstruction, visceral perforation [17].
1.3 Laparoscopic vs. endoscopic techniques
Currently, bariatric surgery is the best-known treatment for obesity. Mul-
tiple meta-analyses have shown bariatric surgery to be more effective than
diet and exercise or pharmacologic treatment. In particular, the laparoscopic
techniques are effective, but expensive and often associated with major com-
plications. The laparoscopic procedures require general anesthesia, which is
particularly important in obese patients who have high anesthesiology risk.
The complications of laparoscopic surgery fall into two groups: acute and
long-term.
The acute complications, which occur in 5–10% of the patients depending
on the procedure, patient risk, age, and condition, mirror those after other
abdominal operations, i.e. hemorrhage, obstruction, anastomotic leaks, in-
fection, arrhythmias, and pulmonary emboli. Due to the patients’ weight,
rhabdomyolysis is also seen occasionally, especially after prolonged opera-
tions.
Long-term complications may be baﬄing to those unfamiliar with bariatric
surgery: neuropathies due to nutritional deficiencies, internal hernias, anas-
tomotic stenoses, and emotional disorders.
Although the nutritional deficits can be avoided with daily chew able
multivitamin and mineral supplements and with calcium and iron for men-
struating women, compliance with this recommendation is not universal. Un-
fortunately, there are full-blown cases of beri-beri, pellagra, kwashiorkor and
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severe neuropathies in patients who were treated for a variety of rare illnesses
before the dietary deficiencies were recognized.
Another sometimes baﬄing complication is hypoglycemia, a condition
that may appear as long as 14 year after the surgery with plasma glucose
levels as low as 30 mg%.
The endoscopic treatment of obesity is a alternative to laparoscopic surgery
to alleviate the financial burden surgery and to increase access to treatment.
The most important advantage of endoscopic approach is a decrease invasive-
ness and anesthesiological requirements, leading to a strongly more tolerable
intervention.
Moreover economic benefits must be underlined: reduced time of hospi-
talization, reduced requirements of treatments for post-operative complica-
tions...
Regarding safety each endoscopic procedure presents a limited but not
null risk of complication such as bleeding, migration of the device, deflation
of the balloon, erosion, bowel obstruction, visceral perforation.
Endoscopic treatments for obesity show promise but remain in the early
stages of development. Further study is needed, especially long-term follow-
ups, instead endoscopic devices need to be removed after 6-12 months.
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Chapter 2
Computational model of
stomach: definition and
identification
The following activities and studies have been developed by [18].
The here reported activities aimed at developing computational model of
stomach based on experimental data from literature for characterization of
stomach tissue and based on experimental activities. A coupled experimen-
tal and numerical approach was adopted, considering data and measurements
form experimental activities on piglet stomachs. Post-processing of experi-
mental data made it possible to develop and validate computational models.
2.1 Experimental investigation and data pro-
cessing
The structural behavior of the stomach in pre- and post-bariatric surgery
conformations was analyzed by inflation tests. Stomachs of eight piglets
(weight: 30 ± 2 Kg) were provided by a local abattoir. All the animals were
clinically healthy.
Animals sacrifice occurred in early morning and mechanical testing of
one stomach lasted about five hours. Consequently, only one sample was
processed in one day. Within 15 minutes from pig sacrifice, the stomach was
harvested, packed in physiological saline (0.9% NaCl) at 4°C and brought to
the laboratory.
Each sample was composed of the stomach and short portions of esoph-
agus and duodenum. The sample was gently washed with cold physiological
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saline to remove any residual chime, and maintained in saline at low temper-
ature (4°C) up to the development of mechanical tests.
All the experimental activities were concluded within at most seven hours
from the animal sacrifice, at room temperature.
Details about the inflation protocol are reported below. Preliminarily,
the sample was placed on a laminated graph paper and spread out to its
physiological bean-shape conformation (fig. 2.1a). Pictures of the stomach
were taken for subsequent measurements.
A peristaltic pump (VerderFlex Vantage 5000, Verder Ltd, UK) and a
pressure transducer (142 pc 01d, Honeywell, USA) were connected to the
sample by rubber tubes. Pump and transducer tubes were fixed to esophageal
and duodenal stubs, respectively, by means of elastic seams (fig. 2.1b). The
transducer was interfaced to a laptop PC by a microcontroller (Arduino
MEGA 2560, Arduino LLC). Data storage was fixed at 4 Hz sample rate.
The instrumented stomach was completely immersed in saline to prevent
gravity effects (fig. 2.1c).
Sample experimenting was performed by a multi-step inflation test [22].
Each step was composed of 100 ml inflation of saline (0.9% NaCl, room
temperature) at 50 ml/s inflation rate, and subsequent 300 s of rest to allow
the almost complete development of relaxation phenomena [23]. The rest
period was assumed in consideration of typical values of relaxation times of
soft biological tissues, which range between 0.01 and 100 s [23] [22] [24]. The
step was repeated up to 1000 ml inflation. Subsequently, the stomach was
completely deflated at 50 ml/s deflation rate (Fig. 2.2a).
The overall inflation test was repeated five times on each stomach. The
different inflation tests were interspersed among each other by 600 s of rest to
allow the development of viscous recovery phenomena [25]. After mechanical
testing, the stomach sample was further dissected and wall thickness was
measured in different positions by a digital caliper.
Considering the typical time- and loading history- dependent behavior
of biological tissues and structures, preliminary experimentations were per-
formed on the first two stomachs. In detail, the activities aimed at evaluating
the possible mutual influence of subsequent inflation tests. With regard to
both the stomachs, a significant difference was observed between the first
and the second inflation test, while the stomach exhibited similar response
during the last four inflation tests. The first inflation test was consequently
assumed as a preconditioning action, while the subsequent four inflation tests
actually provided data about the structural behavior of the stomach.
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Fig. 2.1: Inflation tests on piglet stomachs
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Fig. 2.2: Experimental procedure and results: inflated volume-time history
that is assumed during all the inflation tests (a) and example of pressure-time
data that are recorded during an inflation test (b).
Experimentations on the other six stomachs were performed consider-
ing both pre- and post-laparoscopic bariatric surgery configurations. Gastric
banding was simulated by applying a homemade silicon rubber (Siltec RTV
930, Thechim Group Srl, Milano, Italy) band all around the body of the stom-
ach, from the lesser curvature region to the greater curvature region. The
silicon band was 25 mm wide and 0.5 mm thick. The length of the band was
defined to avoid band tension in the stomach un-inflated configuration. The
band was fixed to the stomach wall by three or four transmural stitches to
prevent band migration during testing (Fig. 2.1b). Three inflation tests were
performed on the not operated stomach, providing data about the mechan-
ical behavior of the sample in the pre-surgical configuration. Subsequently,
surgical intervention was developed, and two further inflation tests were per-
formed on the same stomach, providing information about the structural
response in the post-surgical configuration.
Experimental activities led to pressure-time data (Fig. 2.2b) depending
on the assumed volume-time inflation history (Fig. 2.2a). Results were post-
processed aiming at characterizing the stomach structural behavior in both
pre- and post-surgical configurations. With regard to each inflation test, the
collection of pressure and volume data at the end of the rest stages (red
empty circles in Fig. 2.2b) led to pressure-volume almost equilibrium curves
(Fig. 2.3a). The equilibrium pressure-volume response specifies the stomach
behavior when all the time-dependent micro-structural rearrangement phe-
nomena are allowed to completely develop during testing, as at the end of
pressure relaxation stages, or during continuous inflation test developed at a
sufficiently low inflation rate [26]. The analysis of pressure-time results dur-
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ing the constant volume stages (gray rectangles in Fig. 2.2b) led to relaxation
curves [22] [24] (Fig. 2.3b). With regard to each stomach, curves from the
analysis of the first inflation test were discarded, because of pre-conditioning
phenomena. Curves from the subsequent inflation tests were collected from
experimentations performed on all the stomachs, and statistically processed.
Curves from tests performed before and after gastric band application were
separately analyzed.
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Fig. 2.3: Experimental results from inflation tests: statistical distributions
(median curves and 50% probability scatter bands) of equilibrium pressure-
volume (a) and relaxation curves (b). Results are reported for experimental
activities performed on stomachs in both pre- (black curves and gray bands)
and post- (red curves and pink bands) surgical conformations.
Although the stomachs have been harvested from similar piglets, the
stomach dimensions were necessarily lightly different. Consequently, the com-
parison of pressure-volume curves from tests developed on different stomachs
required to properly weight the volume data. A volumetric ratio was defined,
as the ratio between the volume of the inflated stomach V and the volume
of the stomach at rest V0 [22]. Considering the flaccidity of stomach wall in
the completely empty configuration, volume V0 of each stomach was defined
as the volume of the saline that had to be inflated to reach a 0.3 kPa pres-
sure at the end of relaxation phenomena. Volume V0 of the specific stomach
was evaluated considering equilibrium pressure-volume data from the second
inflation history performed on the specific stomach itself.
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2.2 Constitutive analysis of stomach tissue
The visco-hyperelastic constitutive formulation was developed considering
the following stress-strain history relationship [20] [21]:
P(C, t) = P0(C)−
∑
i
qi(C, t) (2.1)
P0 = −pF−T + C01 exp[α1(I1 − 3)](2F−
2
3
I1F
−T ) (2.2)
where P is the first Piola-Kirchhoff stress tensor, F is the deformation
gradient, p is a Lagrange multiplier that specifies the hydrostatic pressure,
I1 is the first invariant of the right Cauchy-Green strain tensor C = F
TF.
P0 defines the instantaneous mechanical behavior of the tissue, as the tissue
mechanical response when deformations are sufficiently fast imposed.
Constitutive parameter C 01 specifies the tissue instantaneous shear stiff-
ness, while α1 parameter regulates the non-linearity of the mechanical re-
sponse because of stiffening phenomena with stretch.
The reported formulation of P0 was assumed because of its capability to
interpret the typical features of soft tissue mechanics, as almost incompress-
ibility and nonlinear elastic behavior [21].
Viscous variables qi evaluate the relaxed stresses because of viscous phe-
nomena. Their evolution is specified by differential equations:
q˙i +
1
τ i
qi =
γi
τ i
P0 (2.3)
relaxation time τ i makes it possible to evaluate the time the i th viscous
process requires to develop. Relative stiffness parameter γi specifies the con-
tribution of the i th viscous process to the stress drop the material undergoes
because of relaxation phenomena. The following parameter is introduced:
C∞1 =
(
1−
∑
i
γi
)
C01 (2.4)
C∞1 characterizes the tissue shear stiffness at equilibrium [27].
The constitutive formulation was implement in the finite element soft-
ware Abaqus Standard 6.14 (Dassault Syste`mes Simulia Corp., Providence,
RI) by as user routine UMAT. The software Abaqus Standard adopts an up-
dated lagrangian formulation for the solution of mechanical problems when
geometrical non-linearity occurs. Consequently, the UMAT routine has been
implemented to provide the Cauchy and the Jaumann formulations of the
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stress and the constitutive tensors, respectively, while the evolution equa-
tions of viscous variables were integrated by the numerical algorithm pro-
posed by [28] .
Tissue parameters C∞1 and α1 were identified by the inverse analysis of
mechanical tests that have been developed on pig stomach samples by [29].
Mechanical tests have been performed considering uni-axial loading condi-
tions on specimens that have been harvested from the different regions of
the stomach and along different directions. Considering the homogeneous
and isotropic configuration of the assumed constitutive model, experimental
results from the different specimens have been averaged, leading to a mean
stress-strain curve (fig. 2.4a in the following page).The experimental protocol
and the adopted strain rate suggested assuming equilibrium response of the
tissue.
Considering the specific configuration of mechanical tests, the following
equilibrium formulation was derived from Eq. (2.1)-(2.4), and it was applied
to fit experimental data (fig. 2.4a in the following page):
Pu = 2C
∞
1 exp[α1(λ
2
u + 2λ
−1
u − 3)](λu − λ−2u ) (2.5)
where λu and Pu are stretch and nominal stress, respectively, along the
uni-axial loading direction.
Viscous parameters τ i and γi were identified by analyzing experimental
results from the developed inflation tests on pig stomachs (fig. 2.3b). Results
from structural tests can be adopted to identify tissue viscous parameters,
because viscous phenomena usually exhibit similar trend at both tissue and
structure level [30].
Normalized pressure vs. time curves were fitted by the following relax-
ation function (fig. 2.4b):
pnorm(t) = (1− γ1 − γ2) + γ1 exp
(
− t
τ1
)
+ γ2 exp
(
− t
τ2
)
(2.6)
The function considered two viscous branches. The number of viscous
branches was defined to contemporarily minimize the number of parameters
and correctly interpret the trend of experimental data [22] .
The identified constitutive parameters are summarized in the following
tables.
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Fig. 2.4: Constitutive identification of stomach wall tissue and gastric band
rubber: comparison of experimental data from uni-axial tensile tests (discon-
tinuous lines) and model results (continuous lines) (a). Relaxation behavior
of stomach wall tissues: median experimental results from structural tests
on stomachs in pre- (discontinuous black line) and post- (discontinuous red
line) surgical conformation and model results (continuous black line) (b).
Stomach wall tissue equilibrium hyperelastic behavior
Data source/notes C∞1 (kPa) α1
[29] 0.86 4.83
Stomach wall tissue viscoelastic behavior
Data source/notes γ1 γ1 τ1(s) τ2(s)
fig. 2.3b pre-surgical median 0.23 0.32 4.61 98.36
fig. 2.3b pre-surgical median 0.30 0.26 5.50 119.81
assumed values 0.27 0.29 5.06 109.09
Gastric band silicon rubber hyperelastic behavior
Data source/notes µ(kPa) α
[29] 0.86 4.83
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2.3 Computational models definition
An average virtual model of small stomach was obtained by stomachs of
piglets (weitgh: 30 ± 2kg). Border lines were manually identified (fig. 2.5).
Points from the border lines were identified and interpolated by splines (Mat-
lab, The MathWorks Inc., Natick, MA, US). Stomach width and length, as
the minimum distance between lesser and greater curvature and the max-
imum distance between fundus and pylorus, respectively, were measured.
Averaging of splines data from the different stomachs led to a mean border
line, which was smoothed and lightly morphed considering the mean values
of stomach width and length. The mean border line was imported to a 3D
CAD software (UGS NX, Siemens PLM Software, Plano, TX, US). An almost
flattened and closed surface was constructed on the mean border line. Holes
were provided to define esophageal and duodenal junctions. Finally, surface
extrusion led to the virtual solid model of the stomach. A homogeneous 4.1
mm extrusion thickness was assumed, considering measurements that were
performed on the experimental samples after mechanical testing.
Fig. 2.5: Identification of stomach border lines and dimensions.
The virtual solid model was imported into the finite element pre-processing
software Abaqus/CAE 6.14 (Dassault Syste`mes Simulia Corp., Providence,
RI).
Four-nodes tetrahedral hybrid elements were adopted to mesh the stom-
ach wall, leading to a computational model composed of about 400.000 ele-
ments and 90.000 nodes (fig. 2.6). Hybrid pressure-displacement formulation
was assumed because of the typical almost incompressible behavior of soft
biological tissues.
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Fig. 2.6: Finite element model of the stomach in the pre-surgical conforma-
tion #0
The numerical model of the gastric band was developed by eight-nodes
hexagonal elements (fig. 2.7).
Fig. 2.7: Finite element model of the gastric banding
The mechanical behavior was specified by an Ogden hyperelastic formu-
lation and parameters were identified by the analysis of technical data from
tensile tests performed on the specific silicon rubber (α = 12.15, µ = 48.76
kPa).
The reliability of the stomach models was assessed by simulating the
experimental inflation processes in pre- and post-surgical (gastric banding)
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configuration and comparing experimental and numerical results (fig. 2.8).
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Fig. 2.8: Comparison of pressure-volume behavior in pre- and post-surgical
configurations: experimental (discontinuous lines) and model (continuous
lines) results .
Aiming at a preliminary investigation of stomach mechanical function-
ality, isotropic and homogeneous mechanical properties were assumed [19].
A visco-hyperelastic constitutive model specified the mechanical response of
the stomach wall [20] [21].
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Chapter 3
Computational analysis of
stomach functionality as a
result of laparoscopic gastric
banding
The following studies in this chapter have been developed by [18].
Computational models of the gastrointestinal tract can be developed and
applied to quantitatively investigate the mechanical stimulation of the gas-
trointestinal wall because of food intake.
The here reported activities aimed at developing computational tools for
the mechanical analysis of bariatric procedures, with specific regard to gastric
banding.
Post-processing of experimental data, from experimental activities on
piglet stomachs, made it possible to develop and validate computational
models. Such computational tools were exploited to evaluate the influence
of surgical parameters, as gastric band position and tension, on stomach
functionality in the post-surgical conformation.
3.1 Computational models definition and iden-
tification
The finite element model of stomach and gastric band are the same described
in chapter 2.
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The numerical model of the gastric band was located around the stomach
model. Computational models contemplated different band positions, which
were defined based on the developed experimental activities (fig. 3.1, con-
formation #1) and on standard surgical procedures (fig. 3.1, conformations
#2, #3, #4).
Fig. 3.1: Finite element model of the stomach in different post-surgical
conformations.
Friction contact condition (0.01 friction coefficient) allowed characterizing
interaction between the stomach and the band.
The influence of gastric band pre-tensioning was analyzed.
Band pre-stretching and pre-tensioning were imposed by assuming a fic-
titious thermal contraction of the band. Fictitious thermal expansion coef-
ficient was set at 1.0. With particular regard to post-surgical conformation
#4, different models for different values of band pre-tension were developed.
The relationships between fictitious temperature and band mean stretch
(fig. 3.2a) and between bands mean stretch and mean tension (fig. 3.2b) were
identified by performing numerical analyses. In detail, computational models
of post-surgical conformation #4 were developed assuming four different pre-
tension conditions (fig. 3.3).
Finally, computational models of all the post-surgical conformations, #1,
#2, #3 and #4, were developed assuming an almost 30% mean band pre-
stretch (fig. 3.4).
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(a) (b)
Fig. 3.2: Computational modelling of gastric band pre-tension: relationship
between mean stretch and fictitious temperature (a), relationship between
mean tension and mean stretch (b).
Fig. 3.3: Computational model conformation for different band pre-tension
conditions. Post-surgical conformation #4 is assumed as reference configu-
ration for the analysis.
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Fig. 3.4: Finite element models of the stomach in different post-surgical
conformations with band pre-tension (almost 30% band pre-stretch).
3.2 Computational analysis
Numerical analyses were performed by the general purpose finite element soft-
ware Abaqus Standard 6.14 (Dassault Syste`mes Simulia Corp., Providence,
RI).
A fluid filled-cavity was defined to characterize the internal region of the
stomach and to simulate the inflation process. Considering the boundary
conditions imposed during experimental inflation tests [18], the upper and
lower extremity of the cavity, at the gastroesophageal and gastroduodenal
junctions, were fixed.
The volume of the cavity was progressively raised up to a 1000 ml volume
increment. Aiming at validating the computational model, by comparing
computational results with pressure-volume equilibrium curves from experi-
mental activity, a 0.1 ml/s inflation rate was set. Preliminary computational
analyses showed that the selected inflation rate led to almost equilibrium
response.
Numerical analyses were developed considering the stomach in the pre-
surgical configuration and in the different post-surgical conformations.
Analyses aimed at evaluating stomach functionality depending on infla-
tion rate, band position and band pre-tension.
Inflated volume data from numerical analyses were post-processed to com-
pute volumetric ratio information. Similar to experimental activities, the
volume of the stomach at rest V0 was evaluated considering the volume of
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the fluid that had to be inflated to reach a 0.3 kPa pressure during a 0.1 ml/s
inflation process in the pre-surgical conformation #0 (fig. 2.6).
3.3 Results
Aiming at evaluating the influence of filling rate on stomach functionality, the
model of the stomach in the pre-surgical conformation #0 was exploited to
perform computational analyses at different inflation rates, (i.e.: equilibrium
inflating, 1 ml/s, 5 ml/s, 50 ml/s and 5000 ml/s).
Computational results were post-processed leading to pressure-volume
curves (fig. 3.5), where volumetric ratio was defined as the ratio between
the volume of the inflated stomach V and the volume of the stomach at rest
V0, and contours of tensile stress, as the maximum principal component of
the Cauchy true stress tensor (fig. 3.6).
Computational methods allowed investigating the relationship between
stomach post-surgical conformation and stomach mechanical functionality.
Model of different post-surgical conformations were developed assuming
different gastric band positions and different band pre-tension values.
The influence of band position and pre-tension on stomach pressure-
volume behavior is depicted in figures 3.7a and 3.7b, respectively, while the
contours of tensile stress are reported in figure 3.8.
Fig. 3.5: Influence of inflation rate on pressure-volume behavior: results
from computational analysis for the stomach pre-surgical conformation #0.
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Fig. 3.6: Contours of tensile stress at 500 ml inflation: equilibrium, 1 ml/s,
5 ml/s, 50 ml/s and 5000 ml/s inflating in pre-surgical conformation #0.
(a) (b)
Fig. 3.7: Pressure-volume behavior: influence of band position without and
with band pre-tension (almost 30% band pre-stretch) (a); influence of band
pre-tension value for band position #4 (b).
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Fig. 3.8: Contours of tensile stress at 500 ml inflation and equilibrium
loading: influence of band position without band pre-tension (a); influence
of band position with band pre-tension (almost 30% band pre-stretch) (b);
influence of band pre-tension value for band position #4 (c).
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3.4 Conclusions
Computational activities analyzed stomach natural configuration and dif-
ferent post-surgical conformations, which were defined considering different
gastric band positions and band pre-tension values. With regard to stomach
mechanical functionality, computational analyses pointed out the significant
influence of filling rate, as reported by both pressure-volume behaviors and
stress contours (fig. 3.5-3.6).
Computational results highlighted the great influence of bariatric surgery
parameters on stomach mechanics (fig. 3.7-3.8). In detail, the surgical pro-
cedure strongly affects the stomach structural stiffness and the stress field
conformation and intensity. Attention was here focused on gastric banding,
because of its wide application and effectiveness.
Computational models provide information that experimental methods
cannot supply. In detail, the computational approach makes it possible to
identify the stress and the strain fields in stomach tissues, whose distribution
is strongly affected by the bariatric procedure. As an example, position and
pre-tension value of the gastric band have a relevant impact on both the
stomach capacity and the areas of gastric wall that are mainly stressed (fig.
3.7-3.8).
The results show the potentiality of computational biomechanics for the
investigation of stomach functionality and the planning of bariatric surgery
procedures and techniques. The increased stomach stiffness after surgery
confirms the clinical evidence that bariatric intervention reduces the stomach
capacity. On the other side, computational methods make it possible to
broad experimental results to an extremely wider scenario, considering many
different surgical procedures, for example endoscopic surgical procedures.
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Chapter 4
Planning of endoscopic gastric
banding
A novel approach to bariatric surgery is required, aiming at optimizing the
post-surgical conformation of the stomach and to reduce surgical traumatism,
post-surgical complications and sedation requirements. Because of effective-
ness of the gastric banding procedures, the here proposed approach will aim
at reducing the food intake required to provide feeling of satiety. Endoscopic
techniques will be envisaged, minimizing the invasiveness and the anesthesi-
ology risk.
This thesis develops computational tools for the mechanical analysis of an
innovative endoscopic procedure: a rolled gastric band is introduced inside
the stomach. Once in the stomach, the band is opened. The band is posi-
tioned in the desired place and is fixed to the gastric wall by clips. A specific
endoscopic device applies clips to fix the band to the stomach wall according
to an almost circumferential pattern. The specific location and conformation
of the clips pattern depends on the desired stricture of the stomach.
The investigation of clip is developed by Luca Barp in his thesis (Compu-
tational and experimental methods for the mechanical characterization of the
stomach and the urethral biological structures and for the design of surgical
devices.).
An example of clip is represented in fig. 4.1.
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Fig. 4.1: An example of clip to fix the band on internal stomach wall.
4.1 Computational methods of analysis
The fig. 4.2 represents a virtual solid model of stomach. Isotropic, homoge-
neous mechanical proprieties are assumed and a visco-hyperelastic constitu-
tive model specifies the mechanical response of the stomach wall as described
in chapter 2.
A fluid filled-cavity is defined to characterize the internal region of the
stomach and to simulate the inflation process. Considering the boundary
conditions imposed during experimental inflation tests [18], the upper and
lower extremity of the cavity, at the gastroesophageal and gastroduodenal
junctions, is fixed.
Inside of stomach there is a wire fixed on internal wall by multi-point
constraints (fig. 4.2). The wire represents gastric band, introduced inside
stomach through endoscopic procedure.
The volume of the cavity are progressively raised up, a 500 ml/s inflation
rate is set. In total the step of inflation lasts 2 seconds.
Features of wire
The wire is composed by an elastic material with elastic modulus 100.000
MPa and it is fixed on internal wall of stomach in different locations. It is
modeled by truss elements.
For some analysis, wire pre-stretching and pre-tensioning are imposed
by assuming a fictitious thermal contraction of the wire. Fictitious thermal
expansion coefficient is set at 1.0. Different values of wire pre-tension are
developed and studied.
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Fig. 4.2: Details of the computational technique for the simulation of endo-
scopic gastric ”banding”.
Multi-point constraint (MPC)
An MPC constraint constrains the motion of slave nodes of a region to
the motion of a point. An MPC constraint is specified by a control point and
a region composed of nodes, edges, and surfaces.
Multi-point constraints (MPCs) allow constraints to be imposed between
different degrees of freedom of the model and can be quite general (nonlinear
and nonhomogeneous).
In implicit dynamic analysis Abaqus/Standard (as in this analysis) en-
forces MPCs rigorously for the displacements. The velocities and accelera-
tions are derived from the displacements with the relations defined by the
dynamic integration. For linear MPCs (such as pin, tie, and mesh refine-
ment MPCs) and geometrically linear analysis the velocities obtained in this
way satisfy the constraint exactly. However, the accelerations satisfy the
constraint only approximately. If nonlinear MPCs (such as beam, link, and
slider, in this analysis there are MPCs nonlinear beam) are used in geomet-
rically nonlinear analysis, both the velocities and accelerations satisfy the
constraint only approximately. In most cases the approximation is quite
accurate, but in some cases high frequency oscillations may occur in the
accelerations of the nodes involved in the MPC [31].
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Aim
On the following pages it is depicted and is analysed different cases of
stomach models with different wire locations and number of MPCs.
Computational tools for mechanical analysis are exploited to evaluated
the influence of surgical parameters, as wire position and tension, on stomach
functionality in the post-surgical conformation.
4.1.1 8-points model
In this model there are eight MPCs where the wire is fixed.
Four-nodes tetrahedral hybrid elements are adopted to mesh the stomach
wall, leading to a computational model composed of about 360.000 elements
and 76.000 nodes. Hybrid pressure-displacement formulation is assumed be-
cause of the typical almost incompressible behavior of soft biological tissues.
Three-nodes line elements are adopted to mesh the wire. The wire is
composed by 8 elements (fig. 4.3).
Fig. 4.3: Finite elements model of stomach and details of internal wire 8
points.
It is depicted wire force-pressure behavoir that describes resultant force
of more stressed clip dependent on pressure (fig.4.4a).
Furthermore computational results of analysis are post-processed lead-
ing to pressure-volume curve throughout duration of analysis of 2 seconds
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(fig.4.4b) and contours of the maximum principal component of the Cauchy
true stress tensor, logarithmic strain and magnitude of displacement (fig.4.5)
at first second from the analytical process start (500 ml inflated volume).
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Fig. 4.4: Wire force-pressure behavior (a) and pressure-inflated volume be-
havior (b) of stomach 8-points model.
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Fig. 4.5: Contour of magnitude of displacement (a), logarithmic strain (b)
and maximum principal stress (c) of stomach 8-points model.
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4.1.2 8-points model location 2
In this model there are eight MPCs where the wire is fixed. The location
of MPCs is different from the first model, wire sets at a higher level with
respect to former model.
Four-nodes tetrahedral hybrid elements are adopted to mesh the stomach
wall, leading to a computational model composed of about 460.000 elements
and 95.000 nodes. Hybrid pressure-displacement formulation is assumed be-
cause of the typical almost incompressible behavior of soft biological tissues.
Three-nodes line elements are adopted to mesh the wire. The wire is
composed by 8 elements (fig. 4.6).
Fig. 4.6: Finite elements model of stomach and details of internal wire 8
points in location 2.
It is depicted wire force-pressure behavoir that describes resultant force
of more stressed clip dependent on pressure (fig.4.7a).
Furthermore computational results of analysis are post-processed lead-
ing to pressure-volume curve throughout duration of analysis of 2 seconds
(fig.4.7b) and contours of the maximum principal component of the Cauchy
true stress tensor, logarithmic strain and magnitude of displacement at first
second from the analytical process start (500 ml inflated volume) (fig.4.8). In
particular in fig. 4.8a it is osserved maximum principal stress is less extensive
than first 8-points model, it has important values only at the inferior part of
stomach.
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Fig. 4.7: Wire force- pressure behavior (a) and pressure-inflated volume
behavior (b) of stomach 8-points model in location 2.
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Fig. 4.8: Contour of maximum principal stress (a), logarithmic strain (b)
and magnitude of displacement (c) of stomach 8-points model in location 2.
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In this analysis wire pre-stretching and pre-tensioning are imposed by
assuming a fictitious thermal contraction of the wire. Fictitious thermal
expansion coefficient is set at 1.0. Different values of wire pre-tension are
developed and studied, in particular three post-surgical conformations are
developed assuming 10%, 20% and 30% band stretch respectively.
It is represented wire force-pressure behavoir that describes resultant
force of more stressed clip dependent on pressure: influence of band pre-
tension in 8-points model (fig.4.9a). Furthermore it is represented pressure-
volume behavior: influence of band pre-tension in 8-points model in location
2 (fig.4.9b). It is observed that stomach with band pre-tension is more stiff-
ness than stomach without pre-tension.
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Fig. 4.9: Wire force- pressure behavior (a) and pressure-inflated volume
behavior (b) of stomach 8-points model in location 2 in different pre-tension
values.
Contours of the maximum principal component of the Cauchy true stress
tensor, logarithmic strain and magnitude of displacement are in fig. 4.10, fig.
4.11 and fig. 4.12 for different post-surgical conformations assuming 10%,
20% and 30% band tension respectively at first second from the analytical
process start (500 ml inflated volume).
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Fig. 4.10: Contour of magnitude of displacement (a), logarithmic strain (b)
and maximum principal stress (c) of stomach 8-points model in location 2
assuming 10% pre-tension.
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Fig. 4.11: Contour of magnitude of displacement (a), logarithmic strain (b)
and maximum principal stress (c) of stomach 8-points model in location 2
assuming 20% pre-tension.
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Fig. 4.12: Contour of magnitude of displacement (a), logarithmic strain (b)
and maximum principal stress (c) of stomach 8-points model in location 2
assuming 30% pre-tension.
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4.1.3 12-points model
In this model there are twelve MPCs where the wire is fixed.
Four-nodes tetrahedral hybrid elements are adopted to mesh the stomach
wall, leading to a computational model composed of about 1.150.000 elements
and 230.000 nodes. Hybrid pressure-displacement formulation are assumed
because of the typical almost incompressible behavior of soft biological tis-
sues.
Three-nodes line elements are adopted to mesh the wire. The wire is
composed by 12 elements (fig. 4.13).
Fig. 4.13: Finite elements model of stomach and details of internal wire 12
points.
It is represented wire force-pressure behavoir that describes resultant force
of more stressed clip dependent on pressure (fig.4.14a).
Furthermore computational results of analysis are post-processed lead-
ing to pressure-volume curve throughout duration of analysis of 2 seconds
(fig.4.14b) and contours of the maximum principal component of the Cauchy
true stress tensor, logarithmic strain and magnitude of displacement at first
second from the analytical process start (500 ml inflated volume) (fig.4.15).
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Fig. 4.14: Wire force- pressure behavior (a) and pressure-inflated volume
behavior (b) of stomach 12-points model.
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Fig. 4.15: Contour of magnitude of displacement (a), logarithmic strain (b)
and maximum principal stress (c) of stomach 12-points model.
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4.1.4 12-points model location 2
In this model there are twelve MPCs where the wire is fixed. The location
of MPCs is different from previous model.
Four-nodes tetrahedral hybrid elements are adopted to mesh the stomach
wall, leading to a computational model composed of about 1.130.000 elements
and 220.000 nodes. Hybrid pressure-displacement formulation is assumed be-
cause of the typical almost incompressible behavior of soft biological tissues.
Three-nodes line elements are adopted to mesh the wire. The wire is
composed by 12 elements (fig. 4.16).
Fig. 4.16: Finite elements model of stomach and details of internal wire 12
points in location 2.
It is represented wire force-pressure behavoir that describes resultant force
of more stressed clip dependent on pressure (fig.4.17a).
Furthermore computational results of analysis are post-processed lead-
ing to pressure-volume curve throughout duration of analysis of 2 seconds
(fig.4.17b) and contours of the maximum principal component of the Cauchy
true stress tensor, logarithmic strain and magnitude of displacement at first
second from the analytical process start (500 ml inflated volume) (fig.4.18).
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Fig. 4.17: Wire force- pressure behavior (a) and pressure-inflated volume
behavior (b) of stomach 12-points model in location 2.
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Fig. 4.18: Contour of magnitude of displacement (a), logarithmic strain (b)
and maximum principal stress (c) of stomach 12-points model in location 2.
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4.1.5 12-points model location 3
In this model there are twelve MPCs where the wire is fixed. The location
of MPCs is different from other 12-points models.
Four-nodes tetrahedral hybrid elements are adopted to mesh the stomach
wall, leading to a computational model composed of about 1.170.000 elements
and 230.000 nodes. Hybrid pressure-displacement formulation is assumed be-
cause of the typical almost incompressible behavior of soft biological tissues.
Three-nodes line elements are adopted to mesh the wire. The wire is
composed by 12 elements (fig. 4.19).
Fig. 4.19: Finite elements model of stomach and details of internal wire 12
points in location 3.
It is represented wire force-pressure behavoir that describes resultant force
of more stressed clip dependent on pressure (fig.4.20a).
Furthermore computational results of analysis are post-processed lead-
ing to pressure-volume curve throughout duration of analysis of 2 seconds
(fig.4.20b) and contours of the maximum principal component of the Cauchy
true stress tensor, logarithmic strain and magnitude of displacement at first
second from the analytical process start (500 ml inflated volume) (fig.4.21).
In particular the distribution of stress is more extensive than other 12-points
models.
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Fig. 4.20: Wire force- pressure behavior (a) and pressure-inflated volume
behavior (b) of stomach 12-points model in location 3.
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Fig. 4.21: Contour of magnitude of displacement (a), logarithmic strain (b)
and maximum principal stress (c) of stomach 12-points model in location 3.
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4.1.6 16-points model
In this model there are sixteen MPCs where the wire is fixed.
Four-nodes tetrahedral hybrid elements are adopted to mesh the stomach
wall, leading to a computational model composed of about 1.030.000 elements
and 200.000 nodes. Hybrid pressure-displacement formulation is assumed be-
cause of the typical almost incompressible behavior of soft biological tissues.
Three-nodes line elements are adopted to mesh the wire. The is composed
by 16 elements (fig. 4.22).
Fig. 4.22: Finite elements model of stomach and details of internal wire 16
points.
It is represented wire force-pressure behavoir that describes resultant force
of more stressed clip dependent on pressure (fig.4.23a).
Furthermore computational results of analysis are post-processed lead-
ing to pressure-volume curve throughout duration of analysis of 2 seconds
(fig.4.23b) and contours of the maximum principal component of the Cauchy
true stress tensor, logarithmic strain and magnitude of displacement at first
second from the analytical process start (500 ml inflated volume) (fig.4.24).
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Fig. 4.23: Wire force- pressure behavior (a) and pressure-inflated volume
behavior (b) of stomach 16-points model.
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Fig. 4.24: Contour of magnitude of displacement (a), logarithmic strain (b)
and maximum principal stress (c) of stomach 16-points model.
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Chapter 5
Discussion and conclusions
Computational methods allow investigating the relationship between stomach
post-surgical conformation and stomach mechanical functionality.
Model of different post-surgical conformations are developed assuming
different gastric band positions and different band pre-tension values.
Computational analysis show the similarity of stomach functionality in la-
paroscopic and endoscopic post-surgical configurations, this verifies the effec-
tiveness of gastric banding with endoscopic approach. In particular in figure
5.1 there is a comparison between contours of the magnitude of displace-
ment, logarithmic strain and maximum principal component of the Cauchy
true stress tensor at first second from the analytical process start (500 ml
inflated volume) of laparoscopic post-surgical configuration of stomach with
the same conditions of other analysis and an example of endoscopic gastric
banding of previous models.
As regards endoscopic analysis the influence of band position and pre-
tension on stomach wire force-pressure behavior is depicted in figure 5.2,
where is described resultant force of more stressed clip dependent on pres-
sure in different post-surgical configurations of stomach. It is observed that
numbers of clips increase when measures of resultant force decrease, indeed
the force is more distributed in clips.
The figure 5.3 describes pressure-volume behavior of stomach natural con-
figuration, laparoscopic post-surgical conformation (without and with band
pre-tension) and endoscopic different post-surgical conformations, which are
defined considering different band positions and band pre-tension values.
For the same different post-surgical conformations and for stomach natu-
ral configuration in following figures there are compared the contours of the
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magnitude of displacement, logarithmic strain and maximum principal com-
ponent of the Cauchy true stress tensor at first second from the analytical
process start (500 ml inflated volume).
Finally in figure 5.4 it is observed that in 16-points model the stress is
distributed over the entire circumference pattern of clips positions and the
stomach wall is less stressed than in only 8 clips model.
Further efforts are mandatory for a more exhaustive and accurate anal-
ysis of the problem. For example, the computational model of stomach was
identified from samples of piglets, that were smaller than the stomach from
obese persons. With regard to computational modeling, a more refined mor-
phometric and constitutive characterization of stomach wall is being defined
aiming at considering the wall non homogeneous thickness and configuration,
the tissues stratification and the anisotropic distribution of fibrous elements.
Furthermore, a more reliable investigation of stomach mechanics should con-
sider motility, as the active contribution of muscular components, and fluid-
structure interaction phenomena between bolus and stomach wall [32]. Such
approach should entail a more reliable investigation of physio-mechanical
processes that develop during stomach activities.
In spite of the over mentioned limitations, the results show the potential-
ity of computational biomechanics for the investigation of stomach function-
ality and the planning of bariatric surgery procedures and techniques. The
increased stomach stiffness after endoscopic surgery (fig. 5.3) confirms the
clinical evidence that bariatric intervention reduces the stomach capacity.
On the other side, computational methods make it possible to broad exper-
imental results to an extremely wider scenario, considering many different
surgical procedures.
Furthermore, computational models provide information that experimen-
tal methods cannot supply. In detail, the computational approach makes it
possible to identify the stress and the strain fields in stomach tissues, whose
distribution is strongly affected by the bariatric procedure. As an example,
position and pre-tension value of the gastric band have a relevant impact
on both the stomach capacity and the areas of gastric wall that are mainly
stressed.
Mechanical stimuli, as stress and strain, act on receptors that contribute
to regulate the feeling of satiety [33].
Considering the mechano-transduction capabilities and the locations of
gastric receptors, it follows the relevance of methods that allow to evaluate
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the intensity and the conformation of stress and strain fields. The relevance
of this topic is enforced by the recent trends in bariatric surgery, which aim
not to restrict stomach capacity, but to induce satiety with small meals [34].
More in details, new insights have been developed about the mechanisms
that can explain the loss of body weight because of bariatric surgery. For
example, there is nowadays a large body of evidence indicating that mecha-
nistic mechanisms, such as stomach restriction and/or malabsorption, do not
entirely and exclusively explain the results in obese patients after bariatric
surgery. Post-surgical weight loss correlates to a large extent with reduced
spontaneous eating. Available data indicate that operated individuals de-
velop a new set point of their body weight, and changes in concentration
of some hormones play a significant role. Such changes may be related to
mechano-transduction phenomena [35].
Finally further computational analysis and experimental tests are manda-
tory to define totally the innovative endoscopic approach for bariatric surgery,
described in this thesis.
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